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Animal waste is considered to be a significant source of potentially hazardous and odorous 
emissions. Emissions associated with swine manure consist of gases such as ammonia (NH3), 
hydrogen sulfide (H2S), greenhouse gases (GHGs) and volatile organic compounds (VOCs). 
Comprehensive, effective, practical, and inexpensive treatment is in high demand. Biochar is 
mainly known for being soil amendment, has been used for remediation of heavy metals from 
wastewater, and as an adsorbent for gases due to its porosity. Thus, it is proposed that biochar 
could be used as an effective and practical treatment for gaseous emissions from stored manure. 
Data is needed on the performance of biochar to mitigate gaseous emissions from swine manure 
including simple floatation tests. The hypothesis of mechanism how biochar mitigates emissions 
from swine manure is that it can influence manure pH, and by that inhibit gaseous emissions 
transfer from liquid to air, by, for instance, preventing NH4+ transformation to gaseous NH3. Two 
types of biochars, highly alkaline and porous (HAP) biochar made of corn stover with pH=9.2 and 
red oak (RO) biochar with pH=7.5, were tested. The first experiment was designed to identify if 
HAP and RO biochars would be able to change spatial (every 1 mm of depth) and temporal pH of 
tap water (pH=9.2) and deionized water (pH=5.4), while floating on the surface. The study showed 
that biochars immediately changed the pH of deionized water on day 0, which had lower buffer 
capacity while the pH of tap water was significantly changed only on day 2. A separate experiment 
was performed to visualize tap and deionized water pH change because of influence of biochar 
floating on the water surface by using colorimetric pH indicator and corn starch to densify the 
solution and prevent biochars from sinking, which supported the results of the first experiment. 
The second experiment was a study of how topically applied biochar influenced pH of the 
outdoor-stored (pH=7.55) and pit manure (pH=8). The experiment showed that biochar altered 
v 
outdoor-stored manure pH while pit manure had no significant change in pH. The reason for that 
was lower buffer capacity of outdoor-stored manure in comparison with pit manure.  
Finally, the effect of both type of biochars on odorous compounds emitted from swine 
manure was tested on a laboratory scale. The study consisted of three 30-day trials, where biochars 
were applied on top of the manure and emissions of NH3, H2S, GHGs, and VOCs were measured 
and compared. Treatments showed the highest reduction of NH3 on the first days of all trials and 
a gradual decrease in the mitigation effect with the time. Emissions of methane decreased for the 



















CHAPTER 1.    GENERAL INTRODUCTION 
Increase of animal production is leading to an increase in animal waste that is a source of 
odorous and potentially hazardous emissions. Farmers and regulatory agencies are encountering 
problems with practical mitigation of gaseous emissions of compounds such as H2S, NH3, GHGs, 
and VOCs emitted from animal waste, especially, swine manure [1,2,3]. Even though there are 
numerous ways to reduce the emission of specific compounds, a comprehensive treatment which 
would mitigate the emissions of the critical compounds of concern is in demand. Iowa State 
University Extension and Outreach Air Management Practices Assessment Tool summarized a 
dozen methods to reduce emissions from animal housing. Manure additives were the most practical 
in terms of application ease and application cost [4]. Biochar, which is a by-product acquired from 
pyrolysis, gasification, or torrefaction, has excellent potential to be a treatment to mitigate odorous 
emissions from stored swine manure [5]. Takaya et al. and Hervy et al. showed that biochar had a 
high capacity of ammonia and hydrogen sulfide sorption, respectively, due to high porosity [6,7]. 
Biochar is also known as a soil amendment, and studies showed that it reduced GHG emissions 
from soil [8]. Laboratory scale experiments were conducted to test biochar on VOC sorption [9].  
However, only a few studies used biochar to mitigate emissions from animal waste. Maurer 
et al. tested biochar as a semi-porous bio-cover applied on top of swine manure in order to mitigate 
emissions from swine manure [10]. He reported that biochar reduced 22% of ammonia emitted 
from swine manure. Dougherty et al. claimed that biochar reduced ammonia emitted from dairy 
manure [11].  
For this study, the experiment was designed to evaluate highly alkaline and porous (HAP) 
biochar made of corn stover and biochar made of red oak (RO) for: 




 Impact on manure properties (total solids, total volatile solids, total nitrogen, and 
pH) 
 Estimation how long biochars can float on the surface of the manure.  
A separate experiment was designed to evaluate the influence of biochar cover on spatial 
and temporal pH of swine manure. Mroz et al. stated that manure acidification might inhibit 
ammonium ions transformation into gaseous ammonia [12]. Moreover, according to Zhu et al., 
keeping the manure pH higher than pKa of H2S would reduce the emission of hydrogen sulfide 
[13]. Thus, the objective of the first experiment was proof-of-the concept influence of floating 
biochar on spatial (every 1 mm of depth) and temporal pH of tap and dezionized water. Further 
study was to evaluate the influence of floating biochar on spatial and temporal pH of outdoor-
stored and pit manure.  
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Abstract 
Numerous studies showed that biochar has the potential of removing organic and 
inorganic contaminants from wastewater. Most of them stated that the pH of the aqueous 
solution had a crucial role in a pollutants transformation. This study aimed to test highly alkaline 
porous (HAP) made of corn stover with pH=9.2 and red oak (RO) with pH=7.5 biochars floating 




influence on water pH. Spatial pH of solutions was measured every 1 mm of depth on days 0, 2, 
and 4 after biochars application. Results showed that HAP biochar increased pH of both tap and 
DI water pH while RO decreased tap water pH and increased DI water pH. The pH migration 
from topically applied biochar into an aqueous solution was visualized using a colorimetric pH 
indicator and corn starch to increase viscosity (to prevent biochars from sinking). On day 0 of 
biochars application, there was no effect on tap water pH while a pH change in DI water pH was 
observed due to its lower buffer capacity in comparison with tap water. Biochar floating on the 
top of an aqueous solution was able to change its pH, which could be a factor influencing 




biochar, pH, water, buffering capacity, manure, highly alkaline porous biochar, emission, 




The increase of energy consumption, industrialization, and urbanization have an impact on 
the environment, that stems from wastewater discharged from agricultural, municipal, and 
industrial sources [1]. The United States Environmental Protection Agency (EPA) and the United 
States Geological Survey (USGS) examined treated, and untreated water samples from 
approximately 25 different water treatment plants reported ~250 microbiological and chemical 




biological treatment, chemical precipitation, phytoremediation, membrane removal, and ion 
exchange [3-5]. However, these treatments demand high operating, maintenance, and energy costs 
and do not always show a sufficient removal of contaminants [6]. Adsorbent materials are 
considered as one of the wastewater treatment approaches, especially for organic compounds and 
heavy metals removal [7].  
Biochar, well known as a soil amendment, has shown great potential to be an effective and 
low-cost adsorbent of contaminants from wastewater. Biochar is a solid carbonaceous by-product 
(char) obtained from pyrolysis, gasification, or torrefaction of biomass in low oxygen conditions 
[8]. A source of biochar can be forestry and agricultural residues, animal manure, and sewage 
sludge [9]. Its properties vary due to the process temperature and source of raw material. Typically, 
biochar is characterized by its ash content, pH, porosity, surface area, and C, H, O, N content 
[10,11]. According to biochar studies, it has shown high removal capability of organic pollutants, 
and heavy metals from wastewater and pH of a solution had a significant impact on the removal 
rate. Table 1 shows the range of contaminants remediated from aqueous solution by biochar.  
There were several hypotheses on the mechanism of how sorption capacity of biochar 
related to pH of the solution. Moreno-Castilla et al. stated that adsorption of weak phenol 
compounds on carbonaceous char surface depended on the degree of dissociation of the 
compounds and charge on the surface of the char and both processes were related to pH of the 
aqueous solution [18]. According to Niazy et al., highest sorption of As(III) was observed at pH 
range 3-7 while removal decreased at pH from 8-10 [19]. Abdel-Fattah claimed that highest 
sorption occurred at pH 6-7 for Mg(II), Ca(II), Pb(II) while Cr(VI) had maximum adsorption at 
pH 1 [20]. All these studies showed the importance of pH on pollutants removal mechanism and 
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Therefore, as illustrated in Figure 1, the objective of this study was to test the effect 
of two types of biochar - highly alkaline and porous (HAP) characterized by pH=9.2 and 
red oak (RO) biochar with pH=7.5 - on spatial (changing with depth) and temporal 
(changing with time) pH distribution in tap water (pH=9.2), and deionized water (pH=5.4). 
Because this experiment included not the only diffusion of OH- ions from biochar but also 
convection during measurements, the colorimetric method using pH indicator was used to 
show pH spatial distribution with time and depth.   
 
Figure 1. The objective of the study – the study of the spatial and temporal distribution 
of pH due to topically applied biochar to water. 
 
 
Materials and Methods 
Biochar 
Highly alkaline and porous (HAP) biochar made of corn stover and red oak (RO) 
biochar were used in the experiment. 5 g of biochar was added to 25 mL of deionized water 
then pH was measured after 3 hours of equilibration. To measure pH at zero point charge 
(ZPC), solids addition method was used where the initial pH of 1M NaCl solution was 
changed from pH 2 to 11 by addition of 1M HCl and 1M NaOH. After adding 0.1 g of 




was measured. Difference between initial and final pH against initial pH was plotted and 
the intersection of resulting curve and initial pH was ZPC [21]. 
A C/N combustion analyzer was used to determine elemental content (C, H, N, and 
S) of biochars [22]. Biochar properties such as moisture content, volatile matter, fixed 
carbon, and ash content were measured according to method Rover et al. [23]. Properties of 
HAP and RO biochars are shown in Table 1 below:  
 
Table 2. Properties of HAP and RO biochars used in the experiment. 
Properties HAP RO 
pH 9.2 7.5 
Zero point charge  8.42 6.75 
C (%) 61.37 78.53 
H (%) 2.88 2.54 
N (%) 1.21 0.62 
S (%) 0..07 0.02 
Moisture (%) 1.93 3.03 
Volatile matter (%) 16.27 26.38 
Fixed carbon (%) 34.98 54.76 
Ash (%) 46.82 15.83 
 
Fourier Transform Infrared (FTIR) analysis was used to examine the biochars 
samples for functional groups. The sample was scanned 32 times at resolution of 4 cm-1 on 
Thermo Scientific Nicolet iS10 (Thermo Fisher Scientific Inc., Waltham, MA) with 
attached Smart iTR accessory, which had wave number ranging of 750-4000 cm-1. Results 
of FTIR analysis are shown in Figure 2 [24].   





Figure 2. FTIR analysis of HAP and RO biochars. 
Water  
 
Properties of tap water that was used for the experiment are given in Table 2: 
Table 3. Properties of tap and DI water used in the experiment [25]. 
Properties Tap DI 
pH 9.2 5.4 
Chlorine residual (ppm) 2.82 0 




Bromothymol blue solution (BTB) 
BTB solution was prepared as a pH indicator which would visualize pH change of 
tap and DI water. BTB ACS reagent (Acros Organics, New Jersey, USA) was used to 








The research was divided into two experiments: 
 The determination of biochar type influence on spatial and temporal pH of tap and 
deionized water 
 The visualization of pH change from different types of biochar in controlled solutions. 
 
The determination of biochar type influence on spatial and temporal pH of tap and 
deionized water 
 
Three glass containers for food storage with a volume of 1700 mL (dimensions 19 
cm × 14.5 cm × 7.5 cm) were filled with 800 mL of tap water and another three filled with 
800 mL of deionized water. The HAP and RO biochars were topically applied on two of the 
triplicates, and remaining ones were controls. The matrix of the experiment is presented in 
Table 3. 
Table 4. The matrix of the experiment. 
 Water Used 
RO Tap Deionized 
HAP Tap Deionized 
Control (no biochar) Tap Deionized 
 
Thin pH microelectrode (MI-415 Series Micro-Combination pH Probe) [26], 
connected to Accumet AB 15 pH meter [27] was calibrated with 4, 7, 10 pH buffer solutions 
and attached to a laboratory stand.  A manual lab jack, with a container on the top of it, was 
placed under the pH probe and the jack was elevated every 1 mm using a ruler placed next to 




the pH meter every 1 mm of the depth. The pH probe was rinsed and wiped before taking 
measurements from the next container. 6.35 mm thick layer of HAP and RO biochar with 48 
g and 58 g of weight respectively were applied on Day 0 and measurements were taken for 
each container on Day 0, 2 and 4. The experimental stand is presented in Figure 3. 
 
Figure 3. Experimental design for testing biochar influence on spatial pH 
distribution in water. 
 
Tap and DI water were titrated to identify their buffer capacity (Figure 4). 0.1 M of 
sulfuric acid was prepared by adding 5.611 mL of stock solution in 1000 mL of deionized 
water, and 5.281 mL of concentrated sodium hydroxide was added in 1000 mL of deionized 
water to prepare 0.1 M NaOH solution. A drop of sulfuric acid and NaOH was added in tap 
water and DI water respectively using graduated burette and pH of tap and DI water was 





Figure 4. Buffer capacity of tap and DI water. 
The visualization of pH change from different types of biochar diffusion in controlled 
solutions 
To visualize the influence of two types of biochar on pH change in a controlled 
solution, a separate experiment was run with a colorimetric pH indicator. BTB was used as 
a pH indicator. The pH indicator solution was prepared according to the following 
procedure [28]: 
1) 0.1 g of BTB powder was mixed with 10 mL of a 4% solution of sodium 
hydroxide;  
2) 20 mL of 99.9% of methanol was added;  
3) The solution was diluted in 1 L of deionized water.  
BTB changed color according to its pH. After mixing 25 mL of BTB solution and 
75 mL of tap and DI water, respectively, the solutions were deep blue at the pH=11.4 and 
then poured in 200 mL bottle. The pH-controlled solution was prepared according to the 
procedure: 
1) To acidify the BTB solution, a solution of 20 μL sulfuric (VI) acid (H2SO4) in 25 




to 6 and color turned to light yellow – for pH control the thin pH probe connected 
to pH meter was used. 
2) To prevent biochar from sinking in BTB solution, 5 g of corn starch was added and 
mixed while heated at the temperature of 80 °C.  
3) After complete dissolution of starch, the prepared mixture was poured to 3 glass 
bottles with 200 mL of volume. Bottles were filled in half and kept in room 
temperature for cooling and increase of viscosity. 
4) HAP and RO biochars were applied to the top of the two solutions, and the third 
one was control. Biochars were applied with a thickness of 1 cm. 
For inhibition of biological decomposition of starch, bottles with pH-controlled 
solutions and biochars were kept in the refrigerator under 4 °C temperature for 4 days. Each 
day, bottles were taken out from the refrigerator, and photos showing the changes of pH 
were taken. Photos were taken by a mobile camera with following specifications: Dual 
camera: 1. 16 MP, f/1.7, 27 mm (wide),1/2.8”, 1.12 μm, PDAF; 2. 20 MP, f/1.7, 27 mm 
(wide), 1/2.8”, 1.0 μm, AF, PDAF. 
To correlate BTB color with its pH, 5 mL of BTB solutions were prepared at pH 
<4.6, 6.05, 6.60, 7.05, 8.5 (Figure 5), following the above-mentioned procedure. “Color 
grab” [29] mobile application was used to measure L*A*B values of color results were 
adjusted at the L*A*B color chart in Figure 6. After addition of 0.1 g of corn starch into 
each BTB solution at different pH, colors became brighter (Figure 7), and new color values 





Figure 5. Range of colors of BTB solution at marked pH conditions. 
 
Figure 6. L*A*B color chart with colorimetric values of pH indicator at different 





Figure 7. Different colors of bromothymol blue at marked pH conditions after 
adding corn starch. 
 
Figure 8. L*A*B color chart with colorimetric values of pH indicator at different 





The determination of biochar type influence on pH spatial distribution in tap and 
deionized water 
After application, HAP biochar sank immediately, and on day 3, most of the biochar 
particles settled on the bottom of the container for both tap and deionized water. However, 
there still was a thin floating layer of biochar close to the water surface and suspended 
particles floating in the water. Contrariwise, most of the RO biochar was floating on the top 
of the tap and deionized water surface. The top of the biochar layer kept dry until day 4, 
while the lower wet part of the layer that interacted with water expanded (Figure 9). Figures 
10 and 11 document how HAP and RO biochars sank after day 0, 2, and 4, where red box 
marks biochar floating on the surface of the water while green and blue boxes illustrated 
suspended and settled fractions of biochar, respectively. 
 
 
Figure 9. Process of taking pH measurements of tap water with floating RO 
biochar. 
Biochar floating  
Suspended biochar 
Settled biochar  





According to Figure 12, on day 0, HAP biochar had no visible influence on tap 
water pH, one hour after application. There was an apparent difference in pH between tap 
water control and HAP biochar treated water after 2 days where pH increased from 8.3 to 
9.2; then, pH dropped to 8.9 on day 4. However, HAP biochar had an apparent effect on 
deionized water and raised its pH from 5.4 to 9.5 1 hour after application and stayed 
approximately the same until day 4.  
The same trend was observed with RO biochar, which had an apparent effect on the 
pH of tap water on day 0. However, it decreased tap water pH on day 2 from 8 to 7.8 and 
stayed the same until day 4. RO biochar raised the pH of deionized water from 5.4 to 6.7 
and 7 on days 2 and 4, respectively.        
 
Figure 12. pH distribution in tap and DI water due to RO and HAP biochars in 






Figure 10. Photos of RO (left) and HAP (right) biochars applied on DI water on 







Figure 11. Photos of RO (left) and HAP (right) biochars applied on tap water on 








The visualization of pH change from different types of biochar diffusion in controlled 
solutions 
On day 0, 2 hours after HAP biochar application on tap water/BTB/starch solution, 
pH indicator changed its color from yellow (pH=6) to blue (pH=8.5 and higher) due to the 
high alkalinity of HAP biochar and thickness of the blue portion of the solution was ~4 
mm. HAP biochar had more influence on following days and blue color thickened up to 10, 
12, 19 mm on days 2, 3 and 4, respectively. Influence of RO biochar on tap 
water/BTB/starch solution was also observed (Figure 13). 
HAP biochar had the same influence trend on deionized water/BTB/starch solution 
with blue color thickness 4, 10, 13, 19 mm in days 1, 2, 3, 4, respectively. The influence of 
RO biochar on the solution could be observed on days 3 and 4 with a color change from 
yellow (pH=6) to light green (pH=6.6-7.05). The thickness of green color due to the 
influence of RO biochar was 3 and 6 mm on days 3 and 4, respectively (Figure 14).  
    Colorimetric L*A*B values for both solutions were analyzed by “Color grab” 
application and are shown in Tables 4 and 5, then plotted on L*A*B color chart (Figure 
15). 
 






Figure 13. Visualization of pH change from different types of biochar in a 
controlled solution. RO biochar on top of tap water/BTB/starch solution on the left; HAP 
biochar on the middle changes pH indicator color from yellow to dark green; control 
solution on the right. 
 
 
Table 5. LAB values for color changes of tap water/BTB/starch solution due to 
HAP biochar influence on day 4. 
H L A B 
1 40.3 -18.1 -4.4 
2 62.2 3.7 45.7 
 
Biochar layer 
pH case #1 
pH case #2 






Figure 14. Visualization of pH change from different types of biochar in a 
controlled solution. RO biochar on top of DI water/BTB/starch solution on the left changes 
pH indicator color from yellow to light green (pH=7); HAP biochar on the middle changes 
pH indicator color from yellow to dark green; 
 
 
Day 1 Day 2 
Day 3 Day 4 
Biochar layer 
pH case #3 
pH case #4 
H=5.9 




Table 6. LAB values for color changes of DI/BTB/starch solution due to HAP 
biochar influence on day 4. 
pH L A B 
1 47.4 -3.8 30.1 
2 43.6 -20.4 6.9 




Figure 15. L*A*B colorimetric values of pH cases 1-5. 
 
Summary 
The determination of biochar type influence on spatial and temporal pH of tap and 
deionized water  
Both biochars had only a slight effect on tap water on day 0, while water pH changed 




its pH from 5.4 to ~9.4 and 7 due to HAP and RO treatments, respectively, on day 0 and had 
no apparent change after that. The reason for the immediate effect of biochars on DI water pH 
was low buffer capacity of DI water in comparison with tap water.  
This experiment opened promising approaches to treat wastewater or manure stored in 
animal housing by amending the pH in the air-liquid interface. This could open up research to 
mitigate hazardous and odorous compounds emissions by using biochar as a topically applied 
bio-cover that can influence pH. As it was shown in Figures 10 and 11, biochar with 
properties close to RO used in this experiment (which was floating on the water surface), 
would be most suitable as the bio-cover.  
Further study will be testing the effect of topically applied biochar on spatial and 
temporal change of pH of swine manure. According to Mroz, manure acidification is able to 
inhibit NH4+ transformation into NH3 [33]. Biochar floating on top of manure, could 
potentially change manure pH (which could lead to a reduction of ammonia emissions) and 
capture volatile compounds due to its porous matrix.      
 
The visualization of pH change from different types of biochar in controlled solutions 
 
Buffer capacity of water was also a key parameter in the experiment of visualization 
of pH migration. The pH of tap water/BTB/corn starch solution was not affected due to RO 
biochar and retained the same color for 4 days. However, DI/BTB/corn starch solution pH 
changed with the RO biochar and turned light green on day 3 due to the lower buffer capacity 
of DI water in comparison with tap water. Corn starch, which was used to increase viscosity 
the solution, could slow down pH migration where it took several days to change the solution 
pH for biochars while they had a quick influence on clean water pH. The innovation of this 




without changing their pH. Starch could be applied to make aqueous solutions with increased 
viscosity without affecting its properties needed to visualize pH changes.  
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Appendix. Supplemental Tables and Figures 
Table 1. Properties of tap water used in the experiment.  
 
Treated Water Quality   
Non-Carbonate Hardness, ppm    123 
Total Hardness, ppm 174 
Total Hardness, grains per liter 2.7 
Fluoride content, ppm 0.68 
Iron content, ppm 0.02 
 
Table 2. Water purification system specifications for DI water. 
Carbon filter 
Chlorine removal 0 ppm at carbon effluent 
Organics removal  Natural occurring, large molecular weight 
  
Ultraviolet light-1 
Service  Bacterial reduction 
Water quality  High purity water 
Wavelength 254 nm 
Dosage 30,000 microwatt sec cm-2 after 9,000 hours 
Microbacterial (E-coli) reduction 99.9% 
  
Ultraviolet light-2 
Service  Bacterial reduction 





Figure 1. pH distribution in tap and DI water due to RO and HAP biochars in 












CHAPTER 3.    THE PROOF-OF-THE CONCEPT OF BIOCHAR FLOATING 
COVER INFLUENCE ON SWINE MANURE pH 
Zhanibek Meiirkhanuly1, Jacek A. Koziel1*, Andrzej Bialowiec2,1, Chumki Banik1, 
Robert C. Brown3 
 
1 Department of Agricultural and Biosystems Engineering, Iowa State 
University, Ames, IA 50011, USA; zhanibek@iastate.edu (Z. M); 
cbanik@iastate.edu (C. B). 
2 Faculty of Life Sciences and Technology, Wroclaw University of 
Environmental and Life Sciences, 37a Chelmonskiego Str., 51-630 
Wroclaw, Poland; andrzej.bialowiec@upwr.edu.pl (A. B) 
3 Bioeconomy Institute and Department of Mechanical Engineering, Iowa State 
University, Ames, USA; rcbrown3@iastate.edu (R. B) 
 
*  Correspondence: koziel@iastate.edu (J. K); 
  Tel: +1-515-294-4206 (J. K) 
 
Modified from a manuscript to be submitted to Atmosphere 
 
Abstract 
Mitigation of potentially hazardous and malodor compounds emitted from animal 
waste is needed. Swine manure emits ammonia, hydrogen sulfide, greenhouse gases, and 
odorous volatile organic compounds. Bacteria control the generation of these compounds and 
also depend on the pH of manure. Influencing swine manure pH, especially on the liquid-air 




experiment was to test highly alkaline and porous (HAP) with pH=9.2 and red oak (RO) with 
pH=7.5 biochars on influence on swine manure pH acquired from the outdoor storage and 
deep pit barn. HAP and RO biochars were topically applied on the outdoor-stored (pH=7.55), 
and pit (pH=8.00) manures and spatial pH (every 1 mm of depth) were measured on days 0, 
2, and 4. Results showed that HAP biochar increased outdoor-stored manure pH, particularly 
within the top 10 mm of depth, where pH ranged from 9.00 to 7.66 on day 4. Both biochars 
decreased pit manure pH in comparison with control on day 4. However, differences were 
not considerable. The reason for the insignificant effect of biochars on pit manure was likely 








The increase in livestock production leads to an increase in the volume of manure 
storage and challenges to its utilization. Manure storage in open lagoons and outdoor storages 
can be a source of malodor and elevated concentrations of gases such as ammonia (NH3) 
[1,2], hydrogen sulfide (H2S) [3], and greenhouse gases including methane (CH4), carbon 
dioxide (CO2) and nitrous oxide (N2O) [4]. Moreover, volatile organic compounds (VOCs) 
(including sulfur-containing compounds, fatty acids, and phenolics) [5] are also responsible 
for malodor from stored manure.   
Zahn et al. reported the emission rate from the deep-pit barn of 2.38 g NH3 m-2 hr-1 




According to the Environmental Protection Agency (EPA), 15% of greenhouse emissions are 
associated with manure management in the agricultural sector in the United States [7].  
Solving the environmental problems related to livestock is a challenge for farmers, 
public, and regulatory agencies. A comprehensive solution that includes not only 
effectiveness but also practicality and low-cost is in high demand. Iowa State University 
Extension and Outreach Air Management Practices Assessment Tool summarized twelve 
different methods of mitigation of gaseous emissions from livestock and manure storage. 
Application of manure additives can be a practical option in terms of application, logistics, 
and cost [8]. One of the types of manure additives is biochar, which is a solid carbonaceous 
by-product (char) obtained from pyrolysis, gasification, or torrefaction. It is a carbon-rich, 
porous, black material. The abundant sources of biochar can be sludge, food waste, 
agricultural and forestry residues, and animal waste [9]. Characterizations of biochar such as 
surface area, porosity, hydrophobicity, pH, cation exchange capacity, and functional groups 
depend on feedstock and the temperature of treatment [10]. Maurer et al. studied the effect 
of topically applied biochar that floated on swine manure for a month. Observation showed 
12.7 - 22.6% reduction of NH3 emission, 12 – 30% for H2S, and 8.7 – 26% for indole. 
However, due to the complexity of the biochar, the mechanism of emission reduction still 
needs more investigation [11].  
According to Zhu et al., most of the malodor producing bacteria and H2S have pH in 
the range of 6.5 – 7.5. Raising the pH of manure by adding high alkaline biochar may cause 
a decrease in gaseous emissions, especially in VFAs that are considered as major malodor 
contributors [12]. Mroz states that decreasing manure pH may help to inhibit ammonium 
transformation into its volatile form of ammonia [13].  
The objective of this study is to test how highly alkaline and porous biochar (HAP) 




outdoor-stored (pH=7.55) manure, can influence on spatial (every 1 mm) and temporal pH 
of manure, by that, change their microbial activity and NH3 and H2S dissociation (Figure 1).  
 
 
Figure 1. The objective of the study – test the spatial and temporal effects of topically 
applied biochar layer on manure pH. 
 
Materials and Methods 
Biochar 
Description of methods of how properties of biochar were acquired are presented in 
chapter 2.  
Properties of HAP and RO biochars are shown in Table 1:  
Table 1. Properties of HAP and RO biochars used in the experiment. 
Properties HAP RO 
pH 9.2 7.5 
Zero point charge  8.42 6.75 
C (%) 61.37 78.53 
H (%) 2.88 2.54 




S (%) 0..07 0.02 
Moisture (%) 1.93 3.03 
Volatile matter (%) 16.27 26.38 
Fixed carbon (%) 34.98 54.76 
Ash (%) 46.82 15.83 
 
 
Figure 2 shows scanning electron microscopy (SEM) results on HAP and RO pores: 
 
                       (a)                                                    (b) 
Figure 2. SEM results on HAP (a) and RO (b) biochars pores. 
Manure  
Outdoor-stored manure was acquired from Crawford farm in North Central Iowa 
and pit manure was collected from Iowa Select Farms in Mid-West Iowa. Properties of 
manures that were used for the experiment are given in Table 2: 
Table 2. Properties of the pit and outdoor-stored manure used in the experiment.  
Properties Pit Outdoor-stored 
pH 8.00 7.55 
Total solids (%) 4.07 2.60 






The determination of biochar type influence on spatial and temporal pH manure 
Three of food storage glass containers with a volume 1700 mL (19 cm x 14.5 cm x 
7.5 cm) were filled with 800 mL of pit manure each, and another three containers were filled 
with 800 mL of outdoor-stored manure. 6.35 mm thick layer of HAP and RO with 48 g and 
58 g of mass, respectively, were applied on day 0 and pH measurements were collected on 
days 0, 2, and 4. The matrix of the experiment is represented in Table 3. 
Table 3. The matrix of the experiment. 
 Manure Used 
RO Pit Outdoor-stored 
HAP Pit Outdoor-stored 
Control (no biochar) Pit Outdoor-stored 
 
Thin microelectrode connected (MI-415 Series Micro-Combination pH Probe) [14], 
which was attached to a laboratory stand, was connected to an Accumet AB 15 pH meter 
[15]. A manual lab jack with a container of manure on the top of it was placed under the 
microelectrode. When the microelectrode penetrated the manure surface, pH measurements 
for every 1 mm of depth were collected by elevating the lab jack and using a ruler placed 
next to it. The experimental stand is presented in Figure 3. 
 
Figure 3. Experimental design for testing biochar influence on spatial and temporal 




Manure buffer capacity 
Buffer capacity of manure was determined by using the titration method. To make a 
1 M solution of acetic acid, 5.742 mL of stock solution was added to 100 mL of deionized 
water. After adding a drop of the solution, manure was stirred on a magnetic stirrer for 10 
seconds and the pH of the manure was measured. Buffer capacity of outdoor-stored and pit 
manure are showed in Table 4. Following equation was used to estimate the buffer capacity 
of manure: 




where the slope is fitted slope of the linear regression line for manure [16].  
 
Figure 4. Buffer capacity of outdoor-stored and pit manure estimated by the amount 
of acidity needed to drop manure pH. 
 
Results and Discussion 
After biochar application on day 0, both HAP and RO were floating on the surface 
of outdoor-stored manure. Biochars stayed on the top of the manure until day 4 and an only 




particles than RO (Figure 5). After biochar application on day 0, both HAP and RO were 
floating on the top of pit manure. On day 2, the bottom of the HAP biochar layer crusted, 
and separation between the biochar layer and manure level occurred while RO biochar was 
floating on the top of the manure and only a small fraction of it was suspended. On day 4, 
the separation between HAP biochar layer and manure became larger and suspended 
particles of RO biochar settled on the bottom (Figure 6).  
 
Figure 5. Photos of RO (left) and HAP (right) treated outdoor-stored manure on 







Figure 6. Photos of RO (left) and HAP (right) treated pit manure on days 0, 2, and 









On day 0, pH range of outdoor-stored manure treated with RO (pH=7.5) biochar was 
7.42-7.37 from the surface to bottom where control manure had a pH range of 7.52-7.35. On 
day 2, control manure had pH 7.71-7.59 while RO changed the range of pH to 7.52-7.39 from 
the surface to the bottom of manure. Control manure had an increase in pH on day 4 with pH 
7.64-7.56 as same as RO treated manure with pH 7.64-7.39 from the surface of manure to the 
bottom of the container. Because RO biochar had pH close to outdoor-stored manure pH, it 
had no significant influence on manure pH.  
On day 0, 40 minutes after application, HAP (pH=9.2) biochar increased outdoor-
stored manure pH from 7.50 to 8.42 on the surface of manure. However, change in the pH 
due to HAP, gradually decreased to 7.58 at 10 mm of depth and remained the same to the 
bottom. On day 2, pH decreased from 9 to 7.65 gradually throughout the depth of 23 mm, 
which was close to control outdoor-stored manure and remained the same to the bottom. On 
day 4, manure surface pH was 9 and dropped to 7.66 at the 10 mm of depth and did not 
change to the bottom.  
pH values of pit manure gradually dropped from the surface of manure to the bottom 
for all treatments. On day 0, pH of control manure started from 8.38 and decreased to 7.90 
on the bottom. HAP biochar changed manure pH to 8.17-8.15 gradually throughout 20 mm 
of depth, then, showed the same pH of 8.13-7.9 range as the control. RO biochar changed the 
manure pH to 8.27 on top of manure, then, started dropping up to 7.92 on the bottom.  
On day 2, control manure pH ranged between 8.13-7.93 while pH range for HAP and 
RO treated manure were 8.15-7.95 and 8.1-7.89, respectively. On day 4, both HAP and RO 





Figure 7. Spatial and temporal change pH in the outdoor-stored and pit manure due 
to the influence of surficially applied biochar. 
 
Conclusions 
Outdoor-stored manure had an apparent change in pH due to HAP biochar on day 0. 
On day 2, both biochars showed apparent change of outdoor-stored manure where pH 
changed to 9.00 to 7.60 and 7.52-7.39 for HAP and RO respectively, in comparison with 
pH of control manure pH 7.71-7.59. On day 4, there was an apparent change of pH for none 




There was an apparent change in pH close to pit manure surface. HAP biochar 
increased manure surface pH to 8.42 while RO biochar decreased manure surface pH to 
8.17 in comparison control manure surface pH=8.27. However, difference in pH gradually 
dropped by depth and pH for all treatments became the same at 20 mm of depth.  No 
change in pH was observed due to treatments on day 2. On day 4, only HAP changed pit 
manure surface and increased pH to 8.47, however, similarly to day 2, pH gradually 
dropped by depth. 
 Outdoor-storage manure pH had apparent change due to both biochars while pit 
manure had a change in pH because of HAP and RO on the manure surface and the 
difference gradually dropped by depth. In chapter 2, it was shown that deionized water, 
(with lower buffer capacity compared with tap water), had an immediate change in pH due 
to HAP and RO biochars. Similarly to the controlled experiment with water, the reason for 
an apparent change in outdoor-stored manure pH in comparison with pit manure was lower 
buffer capacity of outdoor-stored manure than pit manure.  
Controversially to experiment in chapter 2, HAP biochar was floating on top of 
outdoor-stored manure from day 0 to day 4. In case of pit manure, the layer of HAP biochar 
bridged, and separation between biochar layer and manure level occurred.  RO biochar was 
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Figure 1. Spatial and temporal change in outdoor-stored and pit manure pH on days 
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Environmental impact associated with stored animal waste is one of the challenges 
for farmers and regulatory agencies. Even though there are numerous treatments on the 
market to mitigate certain types of gaseous emissions from swine manure, effective, 
comprehensive, practical, and low-cost treatments are still in demand. The objective of this 
experiment was to test the effect of highly alkaline and porous (HAP) biochar made from 
corn stover and red oak (RO) on mitigation of gaseous emissions from swine manure. The 
experiment consisted of three trials where a layer HAP and RO with ¼” (6.35 mm) 
thickness (2 and 1.65 kg∙m-2 respectively) were applied on manure surface, and emissions 
of ammonia (NH3), hydrogen sulfide (H2S), greenhouse gases (GHG), and volatile organic 
compounds were measured during the 30 days of a trial. A significant reduction of NH3 and 
phenol emissions was observed. In the case of H2S, CH4, CO2, N2O, and another target 
VOCs, the biochar treatment reduced the emissions during the first 1~2 weeks, followed by 
no effect or even an increase of emissions. Large scale experiments are needed to 
understand how biochar mitigates odor, however, biochar is promising to be effective, 




biochar, swine manure, ammonia, hydrogen sulfide, greenhouse gases, volatile 
organic compounds (VOCs), mitigation. 
 
Introduction 
Odor generated in animal production has a significant impact on local and regional 




hydrogen sulfide (H2S), greenhouse gases (GHG), and odor. These emissions have a 
number of negative effects on the environment [1]. Manure management accounts for about 
15% of the total greenhouse gas emissions from the agriculture economic sector in the 
United States [2]. The median emission rates from swine facilities were 2.08 and 0.20 kg/yr 
pig for NH3 and H2S, respectively [3].  
Iowa State University Extension and Outreach Air Management Practices 
Assessment Tool summarized twelve methods of gaseous emissions mitigation in livestock, 
manure storage, and handling [4]. In comparison with other odor mitigation methods and 
technologies, that are complex and require expensive equipment, manure additives are 
attractive to farmers because of its ease in application to manure and low-cost. Another 
positive aspect of manure additives is that they are well studied at the farm scale to compare 
with other mitigation methods and technologies. For instance, ~63% of manure additives 
are tested at the farm scale, while only ~25 remaining mitigation methods and technologies 
are tested in the laboratory or pilot scale [5]. Most studies are concentrated on a certain type 
of gases that designed treatment reduces and ignore other emissions that possibly can be 
negatively affected by the treatment [5]. One of the manure additives that could potentially 
simultaneously reduce different types of emission is biochar.  
Biochar is the carbonaceous solid product (char) obtained from pyrolysis, 
torrefaction, or gasification. Biochar is known as a soil amendment and for its relatively 
low-cost and ease of application [6]. Biochar is obtained as the chemical structure of 
biomass changes when heated in the absence of oxygen, resulting in a loss of hydrogen, 
nitrogen, and oxygen relative to carbon. The carbon atoms become strongly bound to one 
another, forming a molecular structure which makes it very hard for microorganisms to 
break biochar down [7]. A considerable number of studies show how biochar positively 




There are only a few research papers published that test biochar application on 
stored manure in order to mitigate gaseous emissions. A recent study by Maurer et al. 
showed that biochar has the potential for being an economical and effective treatment for 
odorous gaseous emissions from swine deep-pit barn [10]. 
In experiments conducted by Maurer et al. [10] and Dougherty et al. [11], biochar 
was applied to the top of swine and dairy manure, respectively. Maurer et al. stated that 
there was statistical difference in Trial 2 with 4.56 kg·m-2 on the top of manure on days 6, 9 
and post-application period, of 22.6% , 15.2%, and 12.7% respectively, while, trials 1 and 3 
with two times less amount of biochar have no significant difference in NH3 reduction. 
Moreover, there were significant differences between H2S and VOCs during all three trials, 
except for indole on trial 1 after 9 and 30 days of 11.6% and 8.7% respectively. Only CH4 
shows significant difference among greenhouse gases studied, with 24.5% and 22% 
increase on days 10 and 30 in Trial 2. Dougherty et al. reported that biochar made of 
Douglas fir bark mixed with wood fiber showed 72-80% reduction of NH3 while Douglas 
fir biochar shows a lower reduction of NH3 of 1-22% (Table 1). 
Biochar is well-known as a soil amendment where it was reported to reduce 
greenhouse gases emissions. Feng et al. [12] claim that biochar application on the soil 
during the rice-growing season can reduce up to 91% of CH4 of total emitted gas. 
Moreover, Brassard et al. [13] report N2O emission reduction after wood and switchgrass 
biochar application from 42% to 92%. However, the mechanism of biochar activity in 
mitigation is complex, and while it can reduce some emissions, it can also increase 
emissions for other gases. According to Rogovska et al. [14] and Brassard et al. [13], 
biochar application on soil may increase CO2 emission from 8 – 91% (Table 2).  Biochar 




experiment conducted by Komnitnas et al. [15], show that biochar can adsorb 76.6% of 
phenol and 25.77% of ammonia emitted, according to Li et al. [16] (Table 3).  
Highly alkaline and porous biochar (HAP) is a result of the addition of 95% of N2 
and 5% of O2 during a pyrolysis process [17]. HAP has a high pH which potentially can be 
effective in H2S and volatile fatty acids (VFAs) mitigation and also, high porosity and large 
BTEX surface that give larger sorption capacity.  
 
Objectives: Evaluation of Highly Alkaline and Porous Biochar and regular red oak (RO) 
biochar in order to use in deep-pit swine manure storage structures for: 
• Mitigation of odor 
• Reduction of H2S, NH3, GHG, and VOCs emissions 
• Impact on manure properties (Total Solids, Total Volatile Solids, Total Nitrogen, 
and pH)  
• Evaluation on how long biochar floats on the manure surface assessment on how the 
pH of biochar effects manure properties and odorous compounds. 
According to Zhu et al. [18], most of the bacteria producing malodor and H2S have 
pH in the range of 6.5 – 7.5. Raising the pH of manure by adding HAP biochar could 
potentially cause a decrease in gaseous emissions, especially in VFAs that are considered 
major malodor contributors. Moreover, high porosity and larger surface area are important 

























Gaseous emissions reduction (%) 
NH3 H2S CH4 CO2 N2O Indole 















7.28 7.97 7.28 NS NS NA NS NS 
Day 9 – 11.6 













7.28 7.97 7.28 
Day 6 – 22.6 
Day 9 – 15.2 
Day 30 – 
12.7 
NS 
Day 10 – 
(-24.5) 
Day 30 – 
(-22) 













7.28 7.97 7.28 NS 
1) Day 9 – 
30 
 
NA NS NS 






7.28 7.97 7.28 NS 
2) Day 9 – 
30 
Day 30 - 12 
NA NS NS 
2) Day 30 – 
26 
Note: There is no significant reduction for any other VOCs monitored over three trials: n-butyric acid, valeric acid, isovaleric acid, p-cresol, skatole 
Dougherty 
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Gaseous emissions reduction (%) 
NH3 H2S CH4 CO2 N2O Indole 
Rogovska 











Mixed hardwood and 
hickory 




2) 5 g/kg 
 










4) 20 g/kg 
 
7.6 6.4 7.5 NA NA NA 4)  -8 NS NA 







Swine manure mixed 







NA NA NS -87 NS NA 
Sitka Spruce wood 9.3 6.9 
7.11-
7.23 










Wood 1 (Black Spruce 
and Jack Pine) 
2%(w/w) of 
soil 
6.8 6.2 5.5 NA NA NA NA 53 NA 
Wood 2  (Black 
Spruce and Jack Pine) 
2%(w/w) of 
soil 








8.8 6.2 5.7 NA NA NA NA 58 NA 
Pig manure 1 
2%(w/w) of 
soil 




Pig manure 2 
2%(w/w) of 
soil 
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Table 3. Review of research on uses of biochar as an adsorbent for different gases in laboratory-scale experiments. 
Reference Scale and 
Duration 














Gaseous emissions reduction (%) 
NH3 H2S CH4 CO2 N2O Phenol 












5 g·L-1   6.1 
NA NA NA NA NA NA NA 
76.6 
Pecan shells 5 g·L-1   5.8 61.7 
Pinewood 
sawdust 
5 g·L-1   4.6 46.2 














4 – 10 
(adjusted) 
7.86 8.49 – 9.92 
25.77 
(pH=8.5) 
NA NA NA NA NA 







































1 g 9.55 
NA NA NA 
10.9 
NA NA NA NA 
Bamboo 
HTT 500°C 
1 g 10.21 38.2 
Rice-hull 
HTT 500°C 





Materials and Methods 
Manure 
Three types of manure were used in the experiment; where two of them were 
collected from deep pit barn of AG 450 farm of Iowa State University (trial 1), Iowa Select 
Farm (ISF) in North Central Iowa (trial 2) and from outdoor storage in Prestage Farms (PF) 
in Mid-West Iowa (trial 3).  
The pH of manure samples was measured with Accumet Refillable electrode [22] 
connected to Accumet AB 15 pH meter [23]. To determine total solids of all of the manure 
types, samples were weighed in a crucible and dried for 16 hours in the temperature range 
from 105 to 110 °C and then weighed again. Difference between initial and final weight 
was the total solid of the manure [24]. The total volatile solids were derived by muffling 
samples for 2 hours at 550 °C [25]. Dumas method of combustion was used to analyze total 
nitrogen. Samples were put in an induction furnace at 950 -1350 °C with helium and 
oxygen carrier gases. O2 was removed by Cu catalyst and converted to N2, and magnesium 
perchlorate and ascarite removed moisture and carbon dioxide. Total nitrogen was 
estimated by thermal conductivity cell [24]. The properties of the manures are shown in 
Table 4: 
Table 4. Properties of swine manure used in the experiment. 
Properties AG 450 (pit) ISF (pit) PF (outdoor storage) 
pH 7.47 8.00 7.55 
Total solids (%) 2.64 4.07 2.60 
Total volatile solids (%) 66.67 71.01 66.54 
Total Nitrogen (%) 16.10 13..37 11.88 
 
Biochar   
Biochar made of red (RO) oak and highly alkaline and porous biochar (HAP) made 
of corn stover were topically applied on manure. Characteristics of RO and HAP biochars 
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are presented in Table 5. Both of the biochars were ground in a ball mill and analyzed for 
elemental content (C, H, N, and S) by a C/N combustion analyzer (Vario Microcube, 
Elementar Analysensysteme GmbH) [26].  
Solid addition method was used to analyze zero point charge (ZPC) of biochars. The 
initial pH of 1M NaCl was adjusted between pH 2-11 by adding 1M HCl or NaOH and 
distributed into 50 mL flask. After addition of biochar into the flasks, they were sealed and 
stirred for 4 hours, after which final pH was measured in the flasks, and the difference 
between the final and initial pH was assumed to be ZPC of biochar [27].  
Thermogravimetric analysis (TGA) on a Mettler-Toledo TGA/DSC STARe System 
was used with nitrogen flow at 100 mL∙min-1 for the proximate analysis of biochar. The 
temperature increased from 25 to 105 °C with a rate of 10 °C∙min-1 and held for 40 minutes 
to measure the moisture content of biochar. The volatile matter was estimated by increasing 
temperature to 900 °C and holding it for 20 minutes. Nitrogen was replaced with 1000 
mL∙min-1 of air gas, and the sample was kept at 900 °C for 20 minutes for ash content 
analysis. Fixed carbon content was estimated by subtracting percentages of moisture, 
volatile matter, and ash content from the sample [28].     
 
Table 5. Properties of HAP and RO biochars. 
Properties HAP RO 
pH 9.2 7.5 
Zero point charge  8.42 6.75 
C (%) 61.37 78.53 
H (%) 2.88 2.54 
N (%) 1.21 0.62 
S (%) 0..07 0.02 
Moisture (%) 1.93 3.03 
Volatile matter (%) 16.27 26.38 
Fixed carbon (%) 34.98 54.76 
Ash (%) 46.82 15.83 
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Pore images of biochars were taken using scanning electron microscopy (SEM) 
method (FEI Quanta 250 FE-SEM) [26]. Samples were attached to carbon adhesive disks 
and coated with iridium to improve imaging of the samples (Figure 1).   
 
                       (a)                                                    (b) 
Figure 1. SEM results on HAP (a) and RO (b) biochars pores. 
Fourier Transform Infrared (FTIR) analysis was conducted to analyze functional 
groups in the biochar by using Thermo Scientific Nicolet iS20 (Thermo Fisher Scientific 
Inc., Waltham, MA) with attached iTR accessory. The sample was measured 32 times at 
resolution 4 cm-1 with wave range 750-4000 cm-1 [29]. Results of FTIR analysis is 
presented in Figure 2.    
 
Figure 2. FTIR analysis of HAP and RO biochars.  
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The experimental stand description      
The study of two sorts of biochar on odor mitigation was completed in a lab-scale 
simulator. Manure was put into twelve 1700 mL glass containers (19 cm x 14.5 cm x 7.5 
cm). 800 mL of the volume was filled with manure, and 900 mL of the volume remained as 
a headspace. Two types of biochar were added manually on the top of the manure. The 
headspace was continuously flushed with 100 mL∙min-1 and controlled by rotameters 
(Dwyer, RMA-11-SSV, Michigan City, IN) with valves to adjust a ventilation rate of 7 
headspace exchanges per hour. Air, from the air source, was flowing through the air filter 
(Sigma-Aldrich, St. Louis, MO), in order to clean it from residuals and moisture and then 
flowed to mass flow controller (MFC, Aalborg, range of 0-1000 mL∙min-1, Orangeburg, 
NY) that controlled total flow. After passing the MFC, the air was flowing to a manifold 
that distributed the air equally to the containers (Figure 3).  
 
Figure 3. Laboratory scale system of deep pit swine barn imitation. 
Experimental Design 
The laboratory scale experiment was designed to imitate manure in a deep pit swine 
manure storage. The experimental design was a completely randomized design for 3 trials 
with 30 days of duration and 1 week of stabilization before each trial. The dose of 1/4” 
(6.35 mm) of biochar layer applied on manure was selected according to Maurer et al. [10]. 
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Manures from AG 450, ISF, and PF were used in trial 1, 2, and 3, respectively. One trial 
consisted of 4 reactors of fresh swine control manure, 4 reactors of fresh swine manure 
treated with RO biochar at a dosage of 1.65 kg ∙ m-2 and 4 reactors of fresh swine manure 
treated with HAP biochar at a dosage of 2 kg ∙ m-2 (Table 6).  




(kg ∙ m-2) 
HAP Biochar 
Dose  
(kg ∙ m-2) 
Control Manure Type 
Trial Length 
(d) 
1 1.65 2 0 AG 450 30 
2 1.65 2 0 ISF 30 




Gas concentration measurements 
Ammonia and hydrogen sulfide       
To measure ammonia and hydrogen sulfide concentrations, the real-time system 
(OMS-200, Smart Control & Sensing Inc., Daejeon, Rep. of Korea) attached with 
electrochemical gas sensors from Membrapor Co. (Wallisellen, Switzerland) [30] was 
sampling air for 5 minutes with the suction rate of 2 L∙min-1. Due to the restrictions of the 
laboratory scale deep barn pit simulation system, gas samples were collected from 4 
containers of the same treatment simultaneously in 1 bag. A manifold with 4 ports, 
connected to 4 containers via Teflon tubes, was attached to a vacuum chamber with a 
suction rate of 350 mL∙min-1. A Tedlar bag was put in the chamber for 35 min to collect 
12.25 mL of the air sample. After collection of the gas sample, the Tedlar bag was attached 
to the real-time analyzing system, which measured the concentration of NH3 and H2S in 
ppm. Gases from each treatment were collected in triplicates (Figure 4).  
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                         (a)                                                   (b)                                       (c) 
Figure 4. Process of collecting NH3 and H2S: (a) The manifold is attached to a 
block of containers; (b) Tedlar bag filled with the gas sample in the vacuum chamber; (c) 
The Tedlar bag is attached to the real-time analyzer.  
 
Greenhouse gases       
A gas chromatograph (SRI Instruments, Torrance, CA, USA) with a flame 
ionization detector (FID) and electron capture detector (ECD) was used to measure GHG 
concentrations. The instrument was calibrated with standard gases in triplicates with 1,005 
and 4,020 ppm CO2, 0.1 and 1.0 ppm N2O, and 10.5 and 20.5 ppm CH4.  
Four-port manifold with an attached sampling port was connected to 2 pocket 
pumps with a pumping rate of 175 mL∙min-1 each. After connecting the manifold to a block 
of 4 same treatment containers via Teflon tubes, triplicates of samples were collected 
through sampling port using a syringe and injected to 5.9 mL Exetainer (Labco Limited, 
UK) vials which were previously cleaned by 7 cycles of helium flushing and vacuuming. 
Then, samples were analyzed with a gas chromatography technique. Results were plotted in 
a calibration curve against concentrations of standard gases (Figure 5). 
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                  (a)                                 (b)                                                   (c) 
Figure 5. GHG sample collection: (a) extracting gas sample using a syringe; (b) 
injecting the gas sample in a vial; (c) measuring GHG concentration with a gas 
chromatograph. 
Volatile organic compounds      
Four-port manifold was connected to a block of 4 (identical) treatment containers. A 
glass bulb with a volume of 1 L was connected to the manifold and on the other side to 2 
pocket pumps with the suction rate of 175 mL∙min-1 to flush air through the glass bulb. 
After 15 min of flushing, connections ports were closed and the bulb was detached from the 
manifold and the pumps. Solid-phase microextraction (SPME) fiber assembly 
divinylbenzene/Carboxen/polydimethylsiloxane (DVB/Car/PDMS) with the length of 1 cm 
was inserted into the bulb through septa on it. After 10 minutes of sample collection, the 
SPME was injected into a thermal desorption-multidimensional GC-MS/olfactometry 
system (TD-MDGC-MS/O) by Microanalytics (Round Rock, TX, USA) for separation and 
analysis of VOCs. The details of the instrument are described in Zhang et al. [31]. Targeted 
compounds such as dimethyl disulfide, dimethyl trisulfide, propanoic acid, isobutyric acid, 
butyric acid, isovaleric acid, valeric acid, phenol, p-cresol, indole, and skatole were scanned 
with selected ion monitoring (SIM) mode (Figure 6).    
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                                (a)                                             (b)                                               (c) 
Figure 6. VOC sample collection process: (a) Flushing the glass bulb with sample 
air for 15 min; (b) SPME is injected in the bulb through septa; (c) TD-MDGC-MS/O is 
analyzing VOC sample. 
Statistical analysis      
A simple linear regression model was used in the R program (R i386 3.6.0. Ink) to 
analyze the data and estimate p-value. A level of significance of 0.05 was used to determine 
statistical significance.     
 
 
Results and discussion 
Observation of biochar layer and manure properties       
On trial 1, HAP biochar started sinking right after application. At the end of the 
trial, there was a thin layer of wet biochar floating near the surface, some biochar was in 
suspension, while most of it settled on the bottom. All RO was wet by day 4. RO had a 
thicker wet layer floating near the top of the manure and settled fewer particles on the 
bottom in comparison with HAP. 
During trial 2, RO biochar was floating for the first two weeks on top of the manure 
and then it started to incorporate into manure after day 15. On the last day of the trial, about 
half of RO biochar was wet and was floating near the top of the manure another half settled 
on the bottom. HAP biochar absorbed liquid manure where it was interacting with it and 
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then crusted. Due to the fact, a headspace between the HAP layer and manure was created 
near the perimeter, and only ~30% of HAP biochar was still in contact with manure near the 
center of the storage container (Figure 7). 
 
Figure 7. HAP biochar crusted and headspace between biochar and manure level 
was created. 
 
In trial 3, HAP biochar started to incorporate into manure on day 3 and completely 
sank 8 days after application. At the end of the trial, all of the HAP biochar settled on the 
bottom of the container. A layer of RO biochar applied on the manure started getting wet 
after two weeks and at the end of the trial half of the RO biochar became wet and was 
floating on the manure surface while another half settled on the bottom of the container 
(Figure 8). 
 
                                   (a)                                             (b)                                      (c) 
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Figure 8. Overview photos of each treatment after the end of the trial 3: (a) HAP 
biochar completely sank and manure surface crusted; (b) half of applied RO biochar 
became wet and floated on the manure surface; (c) some crust was observed on the surface 
of control manure. 
 
At the end of each trial, four containers of the same treatment were mixed and put in 
a 3 L jar, then kept in a refrigerator at 4 °C. After the end of the whole experiment, all 12 
samples (n=3 pre-trial, n=3 control, n=3 RO, and n=3 HAP) were sent to Brookside 
Laboratories, Inc. (200 White Mountain Dr., New Bremen, OH 45869) for analysis of total 
solids, total volatile solids, and total nitrogen. Methods used for manure analysis was 
described in the Materials section.  
According to Mroz et al., changing pH of the manure might inhibit gas transfer from 
manure to air. An assumption on the mechanism of how biochar mitigates odor from swine 
manure was that biochar layer would influence manure pH which could inhibit gas transfer 
from liquid to air. However, as it was shown in Table 7, because of the differences between 
pre-trial and other treatment manures as well as because there were no significant 
differences between control and biochar treated manures over all three trials, no effect of 
biochar on the manure pH can be assumed.  
Biochar treated manure gained solids and volatile solids in comparison with control 
manure while the content of total nitrogen dropped 1.5-2 times compared to control over all 






Table 7. Physical properties of manure before the trial (pre-trial), control, RO, and 
HAP treated manures. 
Trial Treatment pH 
Total solids  
(%) 






Pre-trial 7.47 2.64 66.67 16.10 
Control 9.16 2.17 48.85 10.65 
RO 9.0 8.16 84.44 3.13 
HAP 9.03 4.87 60.78 4.78 
 
2 
Pre-trial 8 4.07 71.01 13.37 
Control 9.07 4.08 66.18 7.57 
RO 8.97 10.64 85.62 3.32 
HAP 8.99 8.81 68.56 4.43 
 
3 
Pre-trial 7.55 3.60 66.54 11.88 
Control 9.07 2.41 59.75 7.47 
RO 8.77 4.29 63.40 3.89 
HAP 8.75 8.33 86.19 2.61 
 
One of the reasons for different biochars behavior in the meaning of sinking or 
floating on the manure surface could be a difference in hydrophobicity of biochars. Higher 
hydrophobicity decreases liquid absorption, which prevents biochar from sinking in manure 
[32]. Hydrophobicity of biochar is associated with residual alkyl functional groups which 
can be decomposed by a higher temperature of charring. Thus, hydrophobicity depends on 
feedstock and temperature of charring. It is possible to compare hydrophobicity of biochars 
by comparing the peak area in a range 3000-2800 cm-1 on FTIR spectra [33]. As it can be 
seen in Figure 3, RO biochar has a small peak on that range while the graph for HAP 
biochar is flat, which supports the above-mentioned hypothesis. Another property of HAP 
biochar that made it sink in manure could be high ash content in comparison with RO 
biochar. In addition, the differences in pore size associated with HAP and RO biochars 
(visible in SEM images) could also affect the liquid penetration.   
Another parameter that could affect biochar floating on top of manure is the solid 
content in manure. Trial 1 showed that HAP and RO started to incorporate with manure 
immediately after application and on day 2, respectively. Then, most of the particles of 
biochar with the lower solid content completely sank in manure. In trial 2, where manure 
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with higher solid content was used, RO biochar became wet only after 2 weeks, and there 
was floating wet layer of biochar still near manure surface. In trial 3, manure with total 
solids higher than in trial 1, RO behaved similarly to trial 2 and HAP settled on the bottom 
after a week.   
 
Effect on ammonia and hydrogen sulfide       
On the first day of trial 1, HAP and RO biochars showed 40% (p<0.0001) and 52% 
(p<0.0001) reduction of ammonia, respectively. After that, the reduction rate started to 
decrease over time (Figure 9). The last statistically significant reduction was measured on 
day 15 where it was 17% (p=0.04) and 27% (p<0.0001) for HAP and RO biochar, 
respectively. During the trial 2, HAP and RO started with 34% (p<0.0001) and 33% 
(p<0.0001) reduction of ammonia emissions on day 1 and then gradually decreased to 15% 
(p=0.01) and 12% (p=0.04) on day 26. In trial 3, HAP biochar reduced 41.8% (p<0.0001) 
of ammonia emission. However, from day 5, it showed no ammonia reduction; in fact, it 
increased ammonia emissions on some days. RO biochar started with 70.4% of ammonia 
reduction (p<0.0001) on day 1, and then the reduction rate gradually decreased to 22.2% on 
day 29 (p<0.0001).   
Even though manure pH changed for all treatments, there were no significant 
differences in pH between the control and biochar treated manures after each trial, so it 
cannot be stated that biochar inhibited NH4+ from transformation to NH3 during the entire 
trial. ZPC of biochar could be a parameter that was responsible for ammonia reduction. 
Because ZPC of biochars was below biochars pH, their surface was mostly negatively 










Figure 9. Biochar effect on NH3 emission from swine manure: (a) Trial 1; (b) Trial 
2; (c) Trial 3. 
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However, over three trials, manure pH changed from 7.47-8 to 8.8.75-9.07, and this 
increase in pH forced NH4+ into its gaseous NH3 form. Thus, the reduction due to the effect 
of biochar gradually decreased from day 1 to day 29. Also, according to Takaya et al., oak 
biochar had NH3 sorption capacity of 4-8 mg∙g-1 of biochar [34]. However, in this case, RO 
biochar would be fully saturated by day 7-14 on trial 3 where it was still showing a 
significant reduction on day 29. Nevertheless, the most probable explanation is that biochar 
created a semi-porous physical barrier that would slow mass transfer to headspace. 
Trial 1 showed no statistically significant reduction of H2S due to the effect of RO. 
Similarly, HAP treatment was not significant, even though it had 100% (p=0.07) of 
reduction starting on day 19 until the end of the trial. On trial 2, HAP biochar significantly 
reduced emissions by 24% (p=0.001) and 39% (p<0.0001) on day 1 and 8, respectively. RO 
biochar was reducing H2S emission for the first 12 days, where the highest reduction was 
49% (p<0.0001) on day 5. During the trial 3, HAP biochar showed significant H2S 
reduction of 25.4% (p<0.0001) till day 8. RO biochar had a significant reduction of 26.2% 
(p<0.0001) until day 22, however, on day 15, even though RO reduced 43.7% of hydrogen 
sulfide, it was not statistically significant (p=0.6221) (Figure 1).   
Shang et al. claimed that tested biochar had a range of sorption capacity from 1.2 -
121.4 mg∙g-1 and most conducive pH for H2S sorption was pH higher than pKa of H2S, 
which is 7. Shang also stated that FTIR peaks at 3420, and 1730 cm-1, which correlated to 
OH stretching and COO- stretching respectively, were crucial for H2S adsorption [35]. 
Ayiania et al. studied that mechanism of hydrogen sulfide sorption is driven by the size of 
biochar pores [36]. However, the experiment showed that HAP biochar with pH=9.2 and 
larger pores (Figure 1) performed less H2S reduction in comparison with RO over all three 
trials. It should be mentioned that FTIR spectra (Figure 3) showed that RO had higher 
peaks on OH and COO- stretching. Most likely, the complexity of swine manure content 
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and competition between gases were not favorable for reducing H2S emitted from the 
manure. 
 
Effect on greenhouse gases        
On day 1 of the trial 1, HAP and RO treatment had 31% (p=0.0001) and 77% 
(p=0.0001) of CH4 reduction, respectively. However, after day 12, both started producing 
CH4 and highest production was observed on day 26 where HAP and RO treatment had 
415% (p=0.0001) and 153% (p=0.0001) of increase of emissions. During the trial 2, on day 
1, HAP and RO reduced CH4 emission up to 35% (p<0.0001) and 65% (p<0.0001), 
respectively. However, from day 15 emissions increased up 101% (p<0.0001) and 35% 
(p<0.0001), respectively. The highest increase in the CH4 emissions of 176% (p<0.0001) 
and 288% (p<0.0001) was measured on the last day of the trial for HAP and RO, 
respectively. On trial 3, CH4 was reduced to 57.8% (p<0.0001) on day 1 due to RO biochar, 
and the reduction gradually decreased to 20.6% (p<0.0001) on day 11. On day 15, RO 
biochar started production of CH4 where the highest production was 301.8% (p<0.0001) on 
day 19. HAP increased methane emission during the whole trial, where the highest increase 
was 671% (p<0.0001) on day 19 (Figure 10).    
On the first day of trial 1, HAP biochar increased carbon dioxide emission up to 
46% (p=0.0001). Then again, on day 26, HAP and RO increased CO2 emission up to 42% 
and 39%, respectively, but they were not statistically significant. Overall, the CO2 reduction 
was not significant, and % reduction fluctuated between 2% and -9% (except for day 1 and 
26). In trial 2, both HAP and RO reduced CO2 emissions till day 11 where it was 17% 












Figure 10. Biochar effect on methane emission from swine manure: (a) Trial 1; (b) 
Trial 2; (c) Trial 3. 
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However, after that, the reduction effect was decreasing until the end of the trial 
when RO started to produce CO2. Trial 3 showed RO biochar reduction rate of 14.5% 
(p<0.0001) on day 1 and then reduction increased to 31.9% (p<0.0001) on day 15. 
However, CO2 reduction dropped to 13.9% (p<0.0001) on day 26. Controversially, HAP 
biochar started with 125% (p<0.0001) of production of CO2 from manure and at the end of 
the trial, CO2 production gradually dropped to 15.6% (p<0.0001) (Figure 11). 
Sethupathi claimed that biochar with richer N content and larger pores adsorbed 
more CO2. However, RO biochar with less N content (Table 6) and smaller pores showed 
better performance in CO2 sorption in comparison with HAP biochar. Moreover, Zhang et 
al. revealed that micropores of <0.70 nm were responsible for CO2 uptake [40]. Creamer 
found that sugarcane bagasse biochar had a CO2 adsorption capacity of 73.55 mg g-1 which 
could be an explanation for biochars reducing CO2 during the first 2 weeks and decrease of 
reduction rate after that. Results of biochar effect on N2O differ from the decrease of 
emission to having no effect [41].  
No significant reduction of N2O was measured during trial 1. The highest reduction 
was shown on day 11, where HAP and RO had 9% (p=0.2) and 11% (p=0.3) reduction, 
respectively. N2O mitigation was statistically significant for the first two weeks and the 
highest reductions of 17% (p<0.0001) and 16% (p<0.0001) were observed on day 5 for 
HAP and RO, respectively on trial 2. In trial 3, both HAP and RO biochars increased N2O 
emission up to 28.9% (p<0.0001) on day 8 and decreased the emission to 20.8% (p<0.0001) 
and 40.5% (p<0.0001), respectively, on day 22. No statistically significant reductions were 












Figure 11. Biochar effect on carbon dioxide emission from swine manure: (a) Trial 
1; (b) Trial 2; (c) Trial 3. 
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Jiang et al. and Shen et al. studied that aeration during composting decreased CH4 
emission [37, 38] and in addition to that Agyarko-Mintah stated that biochar improved 
aeration and methanotrophy of compost [39]. Besides the fact that headspace of the 
container with manure was continuously flushed with air, freshly applied biochars might 
enhance manure surface aeration and so decrease methanogenic activity. However, after 
biochar started to incorporate into manure, it could be a source of carbon for methanogens 
for CH4 production. Moreover, according to Sethupathi, due to high porosity, biochar was 
not able to capture smaller CH4 particles. In an agreement with the statement, HAP biochar 
with larger pores was less effective and increased methane emission after 1-2 weeks. Also, 
in case of RO biochar, it started producing CH4 after biochar incorporated into manure 
which can be seen in Figure 10 (b) where biochar sank after day 15, and high CH4 emission 
was observed on day 19. The theory was that biochar was adsorbing CH4 and after 
incorporation into manure it released captured CH4 out of its pores.  
 
Effect on volatile organic compounds                
Emissions of almost all VOCs were reduced during the first week of the trial, and no 
reduction was measured after day 8 on trial 1. HAP reduced over 90% of dimethyl 
disulfide, acetic acid, propanoic acid, butyric acid, and skatole during trial 2. In trial 3, only 
phenol was reduced over 90% (p<0.0001) and 80% (p<0.0001) by HAP and RO biochars, 
respectively, over the trial. Also, both biochars had a statistically significant reduction of p-
cresol and skatole for the first two weeks and indole for the first week of the trial (Figure 3, 












Figure 12. Biochar effect on phenol emission from swine manure: (a) Trial 1; (b) 
Trial 2; (c) Trial 3. 
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Zhang et al. reported that VOC sorption was mainly governed by surface area and 
non-carbonized organic matter, however, none of the VOCs from this experiment were 
tested [42]. In addition, Shen studied that surface area and pores volume were the main 
contributors in the sorption of gaseous phenol and toluene by activated char [43]. 
Moreover, according to Lee et al., phenol adsorption decreased with increasing pH of an 
aqueous solution [44]. In the case of trial 3, HAP biochar with larger pores showed higher 
reduction rate of VOC, especially, phenol. Presence of volatile fatty acids was significantly 
lower, and that could be a reason a low reduction of them for all three trials.   
 
Conclusion  
Effective and economic treatment that would comprehensively mitigate hydrogen 
sulfide, ammonia, hydrogen sulfide, volatile organic compounds, and greenhouse gases 
from swine production is in demand. This laboratory-scale experiment was designed to 
evaluate the effect of highly alkaline and porous (HAP) biochar made of corn stover and 
red oak (RO) biochar on mitigation above-mentioned gaseous compounds with a topical 
application on swine manure surface. Three trials were conducted using manure from three 
different sources for each trial and ¼” (6.35 mm) thick layer of biochars were applied on 
top of manure (58 and 48 g per 1 kg of manure). Most of the HAP biochar sank in manure 
except during trial 2, where it absorbed liquid from manure and crusted, and by that created 
headspace between biochar layer and manure. Some part of the RO biochar sank in manure 
and another part became wet and was floating on the manure surface. Both biochars showed 
the highest NH3 reduction on the day after application then the treatments became less 
effective. HAP showed the highest efficiency when it crusted on top of the manure while 
the highest reduction due to RO treatment was observed when outdoor-stored manure was 
used (trial 3). Both biochars reduced CH4 emission for the first two weeks, then, methane 
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emission increased due to biochars. Carbon dioxide emission was different from trial to 
trial, where both treatments had no significant reduction on trial 1, then reduced CO2 
emission for the first two weeks of the second trial, and RO reduced CO2 emission while 
HAP increased it. Both biochars showed a reduction of VOCs for the first week of a trial, 
however, they showed phenol reduction for the whole period of trial 3, and it was 
statistically different. The experiment demonstrated that biochar has a great potential to 
mitigate hazardous and odorous emissions such as ammonia, methane, carbon dioxide, and 
phenol, associated with swine production. Further studies are planned to test biochar effect 
on emissions from swine manure on the pilot-scale system.              
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Figure 1. Biochar effect on H2S emission from swine manure: (a) Trial 1; (b) Trial 








Figure 2. Biochar effect on N2O emission from swine manure: (a) Trial 1; (b) Trial 










Figure 3. Biochar effect on N2O emission from swine manure: (a) Trial 1; (b) Trial 









Figure 4. Biochar effect on indole emission from swine manure: (a) Trial 1; (b) 











Figure 5. Biochar effect on skatole emission from swine manure: (a) Trial 1; (b) 
Trial 2; (c) Trial 3. 
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Following tables represent the weekly percent of reduction of gas concentration and 
its statistical significance: 
The first week – average measured the gas concentration of given treatment on day 
1 and 5. 
First 2 weeks – average measured the gas concentration of given treatment on day 1, 
5, 8, and 12. 
First 3 weeks – average measured the gas concentration of given treatment on day 1, 
5, 8, 12, 15, 19, and 22. 
Over the trial – average measured the gas concentration of given treatment on day 1, 
5, 8, 12, 15, 19, 22, 26, and 29. 
Average  - an average of gas concentration of three trial. 
% - percent reduction due to treatment on the given week, which calculated by the 
following equation: 
%𝑅 =  
(𝐶 −  𝑇𝑖)
𝐶
× 100% 
Where - %R – reduction percent, C – average gas concentration of control, Ti – 
average gas concentration due to treatment.  
p-value was estimated by R program using a linear regression model. 
The gas concentration of ammonia (NH3), methane (CH4), carbon dioxide (CO2), 








Table 1. Percent of reduction of ammonia and its statistical significance on first, the second, third week of the experiment and over the trial 




Table 2. Percent of reduction of ammonia and its statistical significance on first, the second, third week of the experiment and over the trial 
due to HAP biochar.  
  
 
First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO %  p-value Control RO %  p-value Control RO %  p-value Control RO %  p-value 
1 483±36.5 285.±77.5 41.0 <0.0001 477±42.7 318±66.7 33.3 <0.0001 431±65.3 320±59.1 25.7 <0.0001 405±77.4 327±55.1 19.3 <0.0001 
2 669±40.8 483±62.5 27.8 0.0002 644±54.9 517±58.3 19.8 <0.0001 595±74.0 468±76.0 21.3 <0.0001 544±116 429±89.1 21.2 <0.0001 
3 280±265.2 127±54.7 54.7 0.0013 294±21.6 151±45.0 48.7 <0.0001 293±19.2 169±40.6 42.5 <0.0001 283±26.6 174±38.5 38.5 <0.0001 
Average 477±194.4 298±178.2 37.5 0.444 472±174.2 328±183.0 30.3 0.548 440±150.6 319±149.9 27.5     0.548 411±130.6 310±128 24.5 0.561 
 First week First 2 weeks First 3 weeks Over the trial 
Trial # Control HAP % p-value Control HAP % p-value Control HAP % p-value Control HAP % p-value 
1 483±36.5 302±37.6 37.5 <0.0001 477±42.7 351±62.2 26.4 <0.0001 431±65.3 337±52.2 22.0 <0.0001 405±77.4 334±47.1 17.5 0.0002 
2 669±40.8 474±69.3 29.1 <0.0001 644±54.9 472±56.9 26.7 <0.0001 595±74.0 459±60.2 22.8 <0.0001 544±116 429±78.5 21.2 0.0003 
3 280±265.2 230±85.8 17.9 <0.0001 294±21.6 252±65.3 14.4 0.144 293±19.2 270±52.5 7.9 0.149 283±26.6 272±46.7 4.1 0.510 
Average 477±194.4 335±125.6 29.7 0.585 472±174.2 358±110.3 24.0 0.675 440±150.6 355±95.8 19.2 0.733 411±130.6 345±79.0 16.0 0.927 
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Table 3. Percent of reduction of hydrogen sulfide and its statistical significance on first, the second, third week of the experiment and over 




Table 4. Percent of reduction of hydrogen sulfide and its statistical significance on first, the second, third week of the experiment and over 
the trial due to HAP biochar.  
 
 
 First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO % p-value Control RO % p-value Control RO % p-value Control RO % p-value 
1 148±12 119±7 19.9 0.071 139±32 107±21 23.0 0.048 106±59 82±47 22.1 0.449 88±62 68±53 22.5 0.512 
2 124±13 79±23 36.5 0.004 132±14 91±28 31.5 0.0003 119±24 80±9 32.6 <0.0001 111±26 89±24 19.4 <0.0001 
3 76±15 70±2 8.5 0.456 76±13 59±14 22.6 0.0036 71±12 53±17 25.4 0.0001 69±13 57±17 16.4 0.014 
Average 120±40 90±30 23.3 0.590 120±90 90±20 26.1 0.493 100±20 70±20 27.1 0.275 90±7 70±20 19.6 0.447 
 First week First 2 weeks First 3 weeks Over the trial 
Trial # Control HAP % p-value Control HAP % p-value Control HAP % p-value Control HAP % p-value 
1 148±12 133±20 10.4 0.357 139±32 128±26 8.0 0.622 106±59 84±61 20.1 0.435 88±62 67±63 22.4 0.436 
2 124±13 88±23 29.0 0.02 132±14 86±25 35.2 0.0018 119±24 93±23 21.8 0.003 111±26 89±22 19.3 0.0049 
3 76±15 71±4 7.2 0.565 76±13 66±8 13.9 0.093 71±12 63±9 10.9 0.14 69±13 67±13 2.4 0.906 
Average 120±40 100±30 16.3 0.763 120±90 90±30 19.6 0.661 100±20 80±20 18.6 0.502 90±7 70±10 16.0 0.559 
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Table 5. Percent of reduction of methane and its statistical significance on first, the second, third week of the experiment and over the trial 





 Table 6. Percent of reduction of methane and its statistical significance on first, the second, third week of the experiment and over the trial 
due to HAP biochar 
 
 
 First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO % p-value Control RO % p-value Control RO % p-
value 
Control RO % p-value 
1 47.4±5.6 23.1±12.5 51.4 0.0006 43.6±6.2 32.4±13 26.2 0.239 40±8.2 42.3±19.9 -5.7 0.894 36.5±9.8 46.2±18.5 -26.4 0.254 
2 58.2±1.5 25.1±7.5 56.8 <0.0001 43±16.1 27.1±5.5 36.7 0.004 33.±17.1 63.1±84 -88.4 0.139 29.7±16.3 60.7±73.7 -104 0.03 
3 20.5±1.9 9.9±1.7 51.6 0.001 21.6±4.3 13.2±5.6 38.8 0.044 19.9±4.1 24±18.4 -20.3 0.831 20.5±4.6 27±17.5 -31.7 0.476 
Average 42.1±19.4 19.4±8.2 53.9 0.0001 36.1±12.2 24.2±9.8 32.7 0.004 31.1±10.2 43.1±19.4 -38.4 0.124 28.9±8.3 44±16.9 -54.2 0.005 
 First week First 2 weeks First 3 weeks Over the trial 
Trial # Control HAP % p-value Control HAP % p-
value 
Control HAP % p-value Control HAP % p-value 
1 47.4±5.6 41.6±6.2 12.8 0.463 43.6±6.2 56.7±24 -30.0 0.146 40±8.2 53.9±19.1 -34.6 0.022 36.5±9.8 65±32.1 -54.6 <0.0001 
2 58.2±1.5 49.6±12.8 14.7 0.227 43±16.1 46.5±9.5 -8.12 0.733 33.±17.1 45.2±9.3 -34.9 0.7275 29.7±16.3 43.8±8.8 -40.6 0.47 
3 20.5±1.9 28.3±6.5 -37.7 0.012 21.6±4.3 34±12.3 -57.3 0.002 19.9±4.1 58±34.4 -194 <0.0001 20.5±4.6 56±30.5 -221 <0.0001 
Average 42.1±19.4 39.8±10.7 5.4 0.866 36.1±12.2 45±11.3 -26.8 0.023 31.1±10.2 52.7±6.9 -68.9 0.001 28.9±8.3 55.2±10.4 -82.2 <0.0001 
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Table 7. Percent of reduction of carbon dioxide and its statistical significance on first, the second, third week of the experiment and over the 





Table 8. Percent of reduction of carbon dioxide and its statistical significance on first, the second, third week of the experiment and over the 
trial due to HAP biochar 
 
 First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO % p-value Control RO % p-
value 
Control RO % p-value Control RO % p-
value 
1 2656±51 2662±211 -0.2 0.333 2382±304 2353±368 1.2 0.239 2149±366 2150±367 0.0 1.000 2031±395 2026±400 0.2 0.999 
2 3578±129 2794±120 21.9 <0.0001 3069±538 2319±505 24.4 0.004 2443±845 1953±574 20.0 0.876 1845±544 1845±544 16.5 0.030 
3 2135±179 1612±375 24.5 0.133 1931±250 1327±391 31.2 0.044 1799±261 1279±296 28.8 0.050 1295±262 1295±262 25.1 0.060 
Average 2790±730 2356±647 15.5 0.106 2461±573 2000±582 18.7 0.029 2130±322 1794±456 15.7 0.028 1722±381 1722±381 13.5 0.045 
 First week First 2 weeks First 3 weeks Over the trial 
Trial # Control HAP % p-value Control HAP % p-
value 
Control HAP % p-value Control HAP % p-value 
1 2656±51 3334±638 -25.5 0.031 2382±304 2737±795 -14.9 0.146 2149±366 2385±727 -11.0 0.304 2031±395 2225±707 1.7 0.361 
2 3578±129 3079±721 13.9 0.899 3069±538 2561±748 16.5 0.873 2443±845 2282±654 6.5 0.003 1845±544 2161±637 0.0 0.470 
3 2135±179 4575±641 -114.2 <0.0001 1931±250 3478±122 -80.0 0.002 1799±261 2899±114 -61.1 <0.0001 1295±262 2619±114 -57.3 <0.0001 
Average 2790±730 3662±800 -31.2 0.001 2461±573 2926±486 -18.9 0.005 2130±322 2522±330 -18.3 0.007 1722±381 2335±247 -14.9 0.019 
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Table 9. Percent of reduction nitrous oxide and its statistical significance on first, the second, third week of the experiment and over the trial 




Table 10. Percent of reduction nitrous oxide and its statistical significance on first, the second, third week of the experiment and over the trial 
due to HAP biochar.  
 
 
 First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO % p-
value 
Control RO % p-
value 
Control RO % p-
value 
Control RO % p-value 
1 0.18±0.03 0.17±0.04 5.5 0.913 0.29±0.29 0.28±0.14 4.9 0.966 0.34±0.12 0.33±0.12 2.7 0.967 0.33±0.11 0.31±0.11 3.6 0.919 
2 0.25±0.03 0.22±0.04 11.1 0.457 0.457±0.24 0.21±0.03 11.2 0.244 0.29±0.09 0.27±0.09 7.8 0.699 0.31±0.09 0.29±0.09 6.9 0.669 
3 0.29±0.02 0.27±0.03 6.9 0.394 0.39±0.37 0.40±0.25 -10.1 0.920 0.41±0.28 0.41±0.23 -1.0 0.998 0.40±0.21 0.41±0.20 -0.9 0.997 
Average 0.24±0.05 0.22±0.04 8.0 0.506 0.50±0.30 0.3±0.09 0.4 0.999 0.35±0.05 0.34±0.07 2.7 0.942 0.94±0.35 0.34±0.06 2.8 0.906 
 First week First 2 weeks First 3 weeks Over the trial 
Trial # Control HAP % p-
value 
Control HAP % p-
value 
Control HAP % p-
value 
Control HAP % p-value 
1 0.18±0.03 0.18±0.04 0.9 0.997 0.29±0.29 0.28±0.14 3.0 0.987 0.34±0.12 0.34±0.12 1.2 0.99. 0.33±0.11 0.32±0.11 -6.3 0.972 
2 0.25±0.03 0.22±0.04 12.0 0.401 0.457±0.24 0.22±0.03 8.4 0.419 0.29±0.09 0.27±0.08 8.5 0.657 0.31±0.09 0.28±0.08 2.5 0.604 
3 0.29±0.02 0.25±0.01 11.6 0.090 0.39±0.37 0.39±0.26 -6.2 0.969 0.41±0.28 0.35±0.21 12.9 0.730 0.40±0.21 0.35±0.19 45.7 0.653 
Average 0.24±0.05 0.22±0.03 9.0 0.421 0.50±0.30 0.30±0.08 0.7 0.998 0.35±0.05 0.32±0.04 7.8 0.613 0.94±0.35 0.32±0.03 23.0 0.491 
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Table 11. Percent of reduction p-cresol and its statistical significance on first, second, third week of the experiment and over the trial due to 
RO biochar. 
 
Table 12. Percent of reduction p-cresol and its statistical significance on first, the second, third week of the experiment and over the trial due 
to HAP biochar.  
 
 
First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO % p-value Control RO % p-value Control RO % p-value Control RO % p-value 
1 11639±161
2 
3589±818 69.1 <0.0001 10734±6551 2081±1732 20.6 <0.0001 6652±6857 1526±1705 77.0 0.0005 5368±6502 1221±1605 77.2 0.0006 






























4065±7218 77.9 0.0001 
 
First week First 2 weeks First 3 weeks Over the trial 
Trial # Control HAP % p-value Control HAP % p-value Control HAP % p-value Control HAP % p-value 
1 11639±161
2 
1184±917 89.8 <0.0001 10734±6551 1210±1388 88.7 <0.0001 6652±6857 722±1180 89.1 0.0001 5368±6502 582±1069 97.3 0.0001 
2 6727±789 599±125 91.0 <0.0001 7098±4179 462±181 91.4 <0.0001 5149±5105 379±171 92.6 <0.0001 4110±4896 344±169 90.7 <0.0001 
3 139281±21
614 
7354±5506 94.7 0.0003 91941±4090
4 
5324±3456 94.2 <0.0001 56768±463
35 
3603±3004 93.6 <0.0001 4497±4562 2871±2895 96.7 <0.0001 
Average 52549±117
93 
3046±2905 94.2 0.665 36591±2055
2 






1266±1388 96.6 <0.0001 
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Table 13. Percent of reduction skatole and its statistical significance on first, second, the third week of the experiment and over the trial due 
to RO biochar. 
 
 
Table 14. Percent of reduction skatole and its statistical significance on first, second, the third week of the experiment and over the trial due 
to HAP biochar.  
 First week First 2 weeks First 3 weeks Over the trial 





































































 First week First 2 weeks First 3 weeks Over the trial 




















7972±3226 93.7 <0.0001 112371±422
47 













































Table 15. Percent of reduction phenol and its statistical significance on first, the second, third week of the experiment and over the trial due 
to RO biochar. 
 
 
Table 16. Percent of reduction phenol and its statistical significance on first, second, third week of the experiment and over the trial due to 
HAP biochar.  
 First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO % p-value Control RO % p-value Control RO % p-value Control RO % p-value 


















































 First week First 2 weeks First 3 weeks Over the trial 
Trial # Control HAP % p-value Control HAP % p-value Control HAP % p-value Control HAP % p-value 
1 4802±2687 4262±5472 11.2 0.9898 3096±2704 2316±4219 25.2 0.929 1931±2449 1431±3300 25.9 0.9185 1529±228 1163±2940 59.9 0.9294 
2 225048±27
790 
4930±1115 97.2 <0.0001 85878±937
98 
3557±1626 95.8 0.0023 57453±823
50 
2829±1505 95.0 0.0014 45522±757
24 





































Table 17. Percent of reduction indole and its statistical significance on first, the second, third week of the experiment and over the trial due to 
RO biochar. 
 
Table 18. Percent of reduction indole and its statistical significance on first, the second, third week of the experiment and over the trial due to 
HAP biochar.  
 
 
First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO % p-value Control RO % p-value Control RO % p-value Control RO % p-
value 
1 365±307 613±1134 -68.0 0.804 282±262 277±736 1.9 0.959 177±232 200±628 -12.7 0.980 142±214 158±556 -11.2 0.984 
2 1946±166 599±257 69.1 <0.0001 2143±1133 681±574 68.2 0.0001 1972±514 514±522 73.9 0.0003 1188±1263 394±457 66.8 0.001 
3 3064±275 1958±462 36.0 0.014 17644±23663 2164±1851 87.7 0.062 9070±18475 1314±1543 85.5 0.086 6946±16323 1145±1361 83.5 0.092 
Average 191±1356 1057±780 40.9 0.045 6690±9532 1041±993 84.4 0.0522 4702±676 676±574 81.9 0.0495 2758±3663 565±515 79.4 0.052 
 
First week First 2 weeks First 3 weeks Over the trial 
Trial # Control HAP % p-value Control HAP % p-value Control HAP % p-value Control HAP % p-value 
1 365±307 41±45 88.7 0.692 282±262 54±56 80.9 0.054 177±232 34±47 80.5 0.460 142±214 29±43 94.1 0.455 
2 1946±166 192±69 90.0 <0.0001 2143±1133 175±59 91.7 <0.0001 1972±514 152±91 92.2 <0.0001 1188±1263 129±97 92.4 <0.0001 
3 3064±275 625±168 79.5 0.0002 17644±23663 1211±1142 93.7 0.045 9070±18475 742±922 91.8 0.060 6946±1632
3 
696±804 28.5 0.064 
Average 191±1356 286±303 84.0 0.0002 6690±9532 480±635 92.8 0.026 4702±676 310±379 91.7 0.022 2758±3663 284±359 73.2 0.023 
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Table 19. Percent of reduction isobutyric acid and its statistical significance on first, the second, third week of the experiment and over the 
trial due to RO biochar. 
 
Table 20. Percent of reduction isobutyric acid and its statistical significance on first, the second, third week of the experiment and over the 
trial due to HAP biochar.  
 
First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO % p-value Control RO % p-value Control RO % p-value Control RO % p-value 
1 526±265 846±571 -60.8 0.350 559±475 425±507 23.8 0.981 338±439 311±463 8.1 0.972 272±405 248±424 8.5 0.969 
2 429±42 589±167 -37.2 0.171 7411±76 461±179 -12.0 0.852 443±145 394±184 11.1 0.571 432±139 355±165 17.8 0.328 
3 639±207 519±187 18.8 0.683 613±129 409±129 33.3 0.002 563±127 405±101 28.0 0.0001 522±142 385±102 26.2 0.0002 
Average 531±105 651±172 -22.5 0.262 104±432 432±26 18.1 0.788 448±112 370±51 17.4 0.267 409±126 329±71 19.3 0.171 
 
First week First 2 weeks First 3 weeks Over the trial 
Trial # Control HAP % p-value Control HAP % p-value Control HAP % p-value Control HAP % p-value 
1 526±265 359±230 31.7 0.739 559±475 334±268 40.1 0.426 338±439 205±251 39.1 0.527 272±405 171±230 87.5 0.569 
2 429±42 396±95 7.5 0.586 7411±76 592±338 -44.0 0.136 443±145 472±291 -6.4 0.902 432±139 436±266 8.0 0.997 
3 639±207 338±99 47.0 0.160 613±129 416±83 32.1 0.003 563±127 432±77 23.1 0.001 522±142 413±80 46.9 0.003 
Average 531±105 364±29 31.3 0.266 104±432 447±131 15.1 0.627 448±112 370±143 17.4 0.310 409±126 340±146 61.2 0.263 
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Table 21. Percent of reduction dimethyl disulfide and its statistical significance on first, the second, third week of the experiment and over 
the trial due to RO biochar. 
 
 
Table 22. Percent of reduction dimethyl disulfide and its statistical significance on first, the second, third week of the experiment and over 




First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO % p-value Control RO % p-
value 
Control RO % p-value Control RO % p-value 
1 3165±1295 1433±1546 54.7 0.057 2258±1565 991±1186 56.1 0.039 1501±1477 757±993 49.5 0.028 1233±1393 609 50.5 0.068 
2 35207±11303 4678±757 86.7 <0.0001 21854±16111 4248±1169 80.5 0.0002 18111±13996 3579±1245 80.2 <0.0001 15712±13106 4297±2007 72.6 <0.0001 
Average 19186±2257 3056±2294 84.0 0.002 12056±13856 2619±2303 78.2 0.001 9806±11744 2168±1995 1995.77 <0.0001 8473±10237 2453±2607 71.0 <0.0001 
 
First week First 2 weeks First 3 weeks Over the trial 
Trial # Control HAP % p-value Control HAP % p-value Control HAP % p-value Control HAP % p-value 
1 3165±1295 468±413 85.2 0.003 2258±1565 786±744 65.1 0.014 1501±1477 617±608 58.9 0.0757 1233±1393 529±564 74.3 0.033 
2 35207±11303 1826±812 94.8 <0.0001 21854±16111 2556±1186 98.7 <0.0001 18111±13996 1832±1339 89.8 <0.0001 15712±13106 1527±1311 85.9 <0.0001 
Average 19186±2257 1147±960 94.0 0.0007 12056±13856 1727±1330 86.6 0.0004 9806±11744 1225±859 87.5 <0.0001 8473±10237 1028±705 84.0 <0.0001 
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Table 23. Percent of reduction propanoic acid and its statistical significance on first, the second, third week of the experiment and over the 
trial due to RO biochar. 
 
 
Table 24. Percent of reduction propanoic acid and its statistical significance on first, the second, third week of the experiment and over the 
trial due to HAP biochar. 
 
First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO % p-value Control RO % p-value Control RO % p-value Control RO % p-value 
1 1068±455 820±451 23.2 0.6631 737±2.3 605±447 17.9 0.781 441±530 365±436 17.2 0.857 356±492 299±403 15.9 0.880 
2 332±152 109±68 67.1 0.003 317±123 115±62 63.5 <0.0001 389±188 106±60 72.5 <0.0001 409±175 129±71 68.3 <0.0001 
Average 700±520 202±33 33.6 0.493 527±296 360±346 31.6 0.3667 415±36 126±182 43.1 0.061 382±37 214±119 43.9 0.022 
 
First week First 2 weeks First 3 weeks Over the trial 
Trial # Control HAP % p-value Control HAP % p-value Control HAP % p-value Control HAP % p-value 
1 1068±455 784±485 26.5 0.554 737±2.3 567±455 23.1 0.664 441±530 341±430 22.6 0.768 356±492 274±398 70.2 0.110 
2 332±152 0 100 0.0001 317±123 0 100 <0.0001 389±188 0 100 <0.0001 409±175 0 100 <0.0001 
Average 700±520 392±554 43.9 0.305 527±296 283±400 46.2 0.119 415±36 241±58 58.9 0.006 382±37 137±194 75.8 0.0004 
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Table 25. Percent of reduction isovaleric acid and its statistical significance on first, the second, third week of the experiment and over the 
trial due to RO biochar. 
 
 
Table 26. Percent of reduction isovaleric acid and its statistical significance on first, the second, third week of the experiment and over the 






First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO % p-value Control RO % p-value Control RO % p-value Control RO % p-value 
1 603±125 483±524 19.9 0.806 462±275 345±400 25.1 0.612 278±299 209±338 23.7 0.705 226±280 170±305 24.4 0.709 
 
First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO % p-value Control RO % p-value Control RO % p-value Control RO % p-value 
1 603±125 293±193 51.3 0.267 462±275 244±182 47.2 0.190 278±299 148±176 46.4 0.300 807±280 123±162 84.7 0.311 
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Table 27. Percent of reduction acetic acid and its statistical significance on first, the second, third week of the experiment and over the trial 




Table 28. Percent of reduction acetic acid and its statistical significance on first, the second, third week of the experiment and over the trial 
due to HAP biochar. 
 
 
First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO % p-value Control RO % p-value Control RO % p-value Control RO % p-value 
1 146±39 67±73 54.1 0.043 119±69 70±67 41.2 0.119 76±73 43±59 42.5 0.182 62±69 36±53 40.9 0.220 
 
First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO % p-value Control RO % p-value Control RO % p-value Control RO % p-value 






Table 29. Percent of reduction dimethyl trisulfide and its statistical significance on first, the second, third week of the experiment and over 






Table 30. Percent of reduction dimethyl trisulfide and its statistical significance on first, the second, third week of the experiment and over the trial 




First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO % p-value Control RO % p-value Control RO % p-value Control RO % p-value 
1 305±186 166±81 61.7 0.039 219±166 73±79 66.7 0.016 209±131 71±72 65.9 0.0001 241±151 102±93 57.4 0.0001 
 
First week First 2 weeks First 3 weeks Over the trial 
Trial # Control RO % p-value Control RO % p-value Control RO % p-value Control RO % p-value 
1 305±186 16±40 94.5 0.002 219±166 68±74 68.5 0.008 209±131 77±89 63.0 0.0002 241±151 71±87 52.3 <0.0001 
